Field tests and numerical simulations are combined in this paper. Cross-sectional dimension measurements, dynamic performance tests, and forced vibration tests were performed on the NO·40 beam bridge of the Xin-Tai Railway. By comparing the test results with the specifications, the current service status of the bridge was evaluated, and the basis for subsequent correction and verification models was provided. A dynamic coupled finite element model of the passenger-freight-cable-track-bridge was established considering the degree of bridge damage (0%∼50%) and the track irregularity, and the model simulation results for the Xin-Tai Railway NO·40 bridge were measured. e results are compared to verify the correctness of the model. e results show that the damage to the bridge will affect the vertical displacement response and the safety stability of the train. e vertical displacement response of the bridge midspan is twice that of the bridge performance. When the damage level of the bridge is 30%, the passenger and freight trains exceed the safety warning limit, which should cause concern.
Introduction
Reinforced concrete bridges are the backbone of bridge structures in China, especially in the railway network, and account for 83.4% of bridge structures. Passenger and freight railway consists of special passenger and freight train lines that concurrently operate and are designed to operate at speeds less than 200 km/h. Passenger and freight rail lines are extensively employed throughout the world. Although the majority of reinforced concrete bridges have entered the middle and final stages of their life cycles [1] , replacing them on a large scale is not realistic. To ensure the safety of a train that crosses a bridge, correctly and effectively demonstrating its safety and stability is necessary. e dynamic characteristics (natural frequency, mode, and damping ratio) of a structure can be estimated using current seismic codes or finite element models, which may significantly differ from the actual values [2] . Since running trains on old railway bridges cannot be interrupted, the incentive for vehicles that cross a bridge is adopted. e natural frequency, mode shape, and damping ratio of a bridge can be estimated by running a modal analysis [3] . e numerical model can be improved using a modal analysis and a comparison with experimental data [4, 5] to track the change in the dynamic parameters of a structure [6] [7] [8] [9] [10] [11] , which is a nondestructive technology for bridge detection.
In recent decades, research on the dynamic interaction of vehicle-rail bridges has increased and primarily focuses on the following aspects: (1) e dynamic response of trains in dangerous areas, such as road bridge transitions, curved bridges, and culvert transition zones [12] [13] [14] [15] [16] [17] [18] [19] . (2) e dynamic performance of a train that passes through a bridge under external adverse influences, such as earthquake, wind and bridge skewness, or noise of composite bridge results [20] [21] [22] [23] [24] [25] [26] [27] . However, few studies have addressed the dynamic response of passenger and freight trains that pass through old concrete railway bridges. Many scholars have done indepth research on the field test of bridges. Li et al. [28] tested the three span continuous steel truss structure of the Baihe bridge in the Miyun reservoir, Beijing, and established the reliability evaluation method. Based on the field test, Morassi et al. [29] analysed and modified the finite element model of a concrete bridge with a complex structure type. Zanardo et al. [30] used a combination of field observations and structural dynamic tests to assess the condition of the bridge before and after CFRP reinforcement. e above work not only shows the importance of bridge field tests but also indirectly provides guidance and theoretical support for this study.
In this paper, the innovation lies in that it not only emphasizes the safety of the bridge itself but also the safety of the train-track-bridge interaction system. is work not only evaluates the safety of the existing railway bridge based on the present conditions but also considers the future circumstances and forecasts the train operation safety of the bridge under different damage conditions. Using the predetermined information obtained from the field test, the model is modified, and a refined dynamic coupling finite element model of passenger and freight train ballasted track simply supported beam bridges is established. On the basis of the model, the safety and stability of a passenger and freight train crossing the bridge under different damage degrees are studied, and the safety criterion for the operating passenger and freight train is proposed.
Case and Measurement

Case: NO 40 Railway Bridge.
e NO·40 Railway bridge near the village Zhitian overcomes the Mouwen River on the Xin-Tai Railway line, which starts from Linzi station of the Jiao-Ji Railway in the north and ends at Taishan station of the Jin-Pu Railway in the west. e bridge was built in 1972 and is a typical old reinforced concrete railway bridge. e spans of the bridge between the supports are 7 × 18 m. e height and width of the bridge beam, which is a simply supported beam, is 1.6 m and 3.9 m, respectively. Photos of the scene and detailed sections are presented in Figure 1 .
Measurement Profile.
e static and dynamic load test was performed on November 11, 2018. e main objective was to ascertain the effect of existing traffic on the bridge to verify the safety of the railroad and the compliance between the measured quantities and the calculated quantities determined on the finite element model. is verification can be applied for finite element model updating. Figure 2 shows the dynamic performance test of the NO·40 bridge of the Xin-Tai Railway and the layout of the train bridge pulsation test.
Measuring points for bridge: a total of 5 measuring points is established, which were arranged at the beam support, 1/4 and 1/2; a detailed layout of the bridge measuring points is presented in Figure 2 . e dynamic displacement and longitudinal and transverse modes of the beam body are measured. e displacement sensor is arranged in the middle of the beam span to test the dynamic displacement of the beam body when the train passes through the bridge. e acceleration sensor is arranged in the middle span, support, and quarter span of the beam body to test the transverse and vertical amplitude, acceleration, and other parameters of the beam body.
To measure the natural vibration frequency in the bridge structure, the magnetoelectric speed sensor 941B was employed. e 941B magnetoelectric speed sensor is a multifunctional instrument for ultralow frequency vibration measurement developed by Institute of Engineering Mechanics, China Earthquake Administration. It has the following advantages: (1) One machine with multiple functions: it can directly measure acceleration or velocity, and can measure displacement when it is connected with amplifier. (2) Simultaneous measurement of multiple physical quantities: passive servo vibration sensor with multiparameter measurement model can realize acceleration and velocity direct measurement. (3) Easy to use: the vibration pickup does not need power supply and zero adjustment. (4) Excellent performance: because of the use of passive servo feedback technology, it can achieve ultralowfrequency large displacement vibration measurement. (5) Wide frequency band, high resolution, large dynamic range, good impact resistance, suitable for transportation, and can be directly connected with various data acquisition systems. Natural incentives were employed for measurement. e vibration collectors pick up the environmental vibration acceleration response of the bridge and transmit the signal to the data acquisition analyser. e signal is processed by the computer system and analysis software and displayed in the plotter. e sampling frequency is 200 Hz. e obtained data are processed by FIR low-pass digital filter, and the passband cutoff frequency is 80 Hz.
In the field test, the passenger group of the Xin-Tai Railway was measured for two trips with a maximum speed of 59.9 km/h, and the freight group was measured for two trips with a maximum speed of 59.8 km/h. e passenger group includes 1 DF11 headstock and 4 YZ25B carriages. e freight group is divided into two types: empty freight trains and loaded freight trains. e empty freight train has 1 DF11 headstock and 46 C70 carriages, and the loaded freight trains have 1 DF11 headstock and 56 C70 carriages. Figure 3 details the measured trains.
Analysis of Measurement Data
Railway Bridges Forced Vibration Measurement.
e vibration acceleration of the bridge deck should be controlled to ensure the stability of the line and the structure of the bridge. With the action of the trains, the maximum value of the measured vertical acceleration of the beam body is 3.64 m/s 2 , which satisfies the requirement of the 5.0 m/s 2 limit value of the ballast track in the China code [31] .
When the DF11 locomotive passes through the bridge at about 60 km/h, Figure 4 shows the acceleration response measured by the I, II, and III measuring points on the bridge when the three trains pass the bridge. According to the measured values, the vertical acceleration of all parts of the beam body of the same type of vehicle that passes through the bridge is equal and small. e maximum vertical acceleration is 0.500 m/s 2 , and the maximum transverse acceleration is 0.547 m/s 2 . e maximum vertical acceleration is 0.610 m/s 2 , and the maximum lateral acceleration is 0.644 m/s 2 e acceleration at the front by the beam body is higher than that of the model. When the last carriage through the beam body encounters a period of turbulence, analysts suggest that the bridge bearings have a certain damping. e maximum vertical acceleration of the beam body is higher than that of other vehicle models when the carrying truck passes through the bridge. 
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Controlling the vibration acceleration of the bridge deck is a necessary measure to ensure the stability of the bridge deck structure. With the action of passenger trains and vans, the maximum vertical vibration acceleration of the beam varies from 0.290 to 1.990 m/s 2 , both of which satisfy the requirements of the maximum vertical vibration acceleration and the minimum vertical vibration acceleration of 3.500 m/s 2 for the ballasted track in the specification. With the action of trucks, the measured vertical vibration acceleration of the beam is 3.638 m/s 2 , and the local short-term acceleration is higher than 3.500 m/s 2 , which is worthy of follow-up attention in the current operating state. Figure 5 shows the maximum response deflection of the bridge measured when passenger and freight trains pass. As shown in Figure 5 (a), when the passenger train passes the bridge at 59.9 km/h, the vertical deflection of the bridge beam changes near 0.2 mm when the carriage passes, the maximum vertical deflection is − 0.41 mm, and the bridge beam passes when the front of the vehicle passes. e maximum vertical deflection is − 0.93 mm. As shown in Figure 5 (b), when the truck-less car passes through the bridge beam, the vertical deflection changes near − 0.24 mm and the maximum vertical deflection is − 0.32 mm. e maximum vertical deflection is − 1.00 mm; as shown in Figure 5 (c), when the freight car passes through the bridge beam, the vertical deflection varies near − 0.81 mm and the maximum vertical deflection is − 1.07 mm. e maximum vertical deflection is − 0.99 mm. When the loaded truck passes, the maximum vertical deflection of the beam body is larger than that of other test models. According to the analysis, this finding is attributed to the heavy axle weight of the loaded truck. As shown in Figure 5 , the weight of the head of the passenger train and the empty freight train is significantly larger than that of the train. e maximum span ratio of the bridge beam when crossing the bridge appears in the front part, the weight of the freight train is heavier than that of the front, and the maximum span ratio will appear in the corresponding compartment part. e measured results are less than the limit value of the specification, which indicates that the bridge has sufficient vertical stiffness.
Railway Bridges Natural Vibration Frequency.
e vibration of the bridge was measured by ten piezoelectric acceleration transducers under environment excitation. By the arrangement of the sensor on the bridge, the NO·40 bridge was measured in the conditions of the natural environment excitation frequency domain curve, the lateral frequency domain and corresponding vibration mode are shown in Figure 6 (a), and the vertical frequency domain and corresponding vibration mode diagram are shown in Figure 6 (b). In the process diagram, the abscissa represents frequency, and the ordinate represents the speed signal amplitude. e vertical first order is 15.625 Hz (damping ratio is 0.983%). e horizontal first order is 11.523 Hz (damping ratio is 0.442%), which is higher than the limit of 5.625 Hz in the code in China, which shows that the bridge body has excellent lateral stiffness in the normal operation of passenger and freight trains. 
Dynamic Model of Train-Track-Bridge with the Performance Degradation
is section provides a concise and precise description of the experimental results, their interpretation, and the experimental conclusions.
Physical Model
e subsystem model of the freight trains is divided into two parts: DF11 locomotive and C70 carriage. e subsystem model of the passenger train is divided into two parts: DF11 locomotive and YZ25B carriage. In the model, the C70 carriage of the freight train and the YZ25B carriage of the passenger train have the same physical model as shown in Figure 7 , but there are differences in the locomotive mass and wheelbase (as shown in Table 1 ). e subsystem model of the freight trains is divided into two parts: the DF11 locomotive and C70 carriage. e DF11 locomotive is a six-axle locomotive (C0-C0 axle type) model; it consists of a car body, two frames, six wheelsets, a total of nine rigid bodies, and a suspension system of one-and two-system suspension systems. Similar to the DF11 locomotive model, the C70 carriage model is a four-axle locomotive model that consists of a car body, two frames, four Advances in Materials Science and Engineering wheelsets, a total of seven rigid bodies, and a two-system suspension system. e degrees of freedom of each rigid body are equivalent to those of the locomotive. e vehicle body and bogie consider the degrees of freedom of sinking and floating, the wheel pair considers the degrees of freedom of sinking and floating, and the remaining degrees of freedom are restrained. e dynamic interaction between the cars is not considered. e steel rail adopts the long track embedded ballast-less track, whose vibration is primarily reflected by the rail vibration. e relationship model between the lower support of the track and the bridge is simulated by the spring and damping element. e finite element method is used to model the bridge structure, and Rayleigh proportional damping is employed in the dynamic analysis.
Track Model.
e ballast track, which consists of the rail, fastener, rail pad, sleeper, and ballast, is modelled as a discretely supported three-layer system that considers the degrees of the rail, the sleeper, and the ballast. e rail is treated as a continuous Bernoulli-Euler beam, which is supported by discrete points of springs and dampers that represent the elasticity and damping of the rail pad. e sleeper is represented by a rigid beam, and the vertical is considered. e ballast bed is replaced with the equivalent rigid ballast body, in which only the vertical motion is taken into account.
e Hertz elastic contact model is used to calculate the track irregularity, and the superposition caused by the change in the beam shape is considered. Advances in Materials Science and Engineering model: the polygonal section at the beam support and the 1/2 and 1/4 sections of the beam. Other T sections at the cross section are considered. e pier is a circular pier with the following dimensions: the beam 188 space beam unit is used for the upper beam body and the pier of the bridge. e horizontal and vertical stiffness of the rubber plate bearing is modified between the bridge beam body and the bridge pier.
e parameter values are the concrete elastic modulus E � 3357.95 MPa, density ρ � 2200.3 kg/m 3 , bearing vertical stiffness K v � 1.16 × 10 11 N/m, and lateral stiffness K h � 4.77 × 10 10 N/m.
In the model of the bridges, the beam 188 elements are used for the simply supported beam bridges and the variable section circular piers of the three cross-section types. e proportional damping is used for the dynamic analysis of the three types of bridge beam bodies, namely, C � αM + βK, where C is the proportional damping, M is the mass matrix, and K is the stiffness matrix. e mass damping coefficient and the stiffness damping coefficient are determined by equations (1) and (2).
where ω i and ω j are the i-th order reference frequency and jth order reference frequency, respectively, of the bridge structure; and ξ is the structural damping ratio that depends on the type of the material. In the analysis of train-trackbridge coupling vibration, the existing research results suggest [32] the use of the following parameters to calculate the Rayleigh damping coefficient: a structural damping ratio of 2% for the concrete structure; ω i is set to the basic frequency of bridge structure ω 1 , which is determined by modal analysis, ω i � ω 1 � 9.773 Hz; ω j is suggested to take the maximum excitation frequency generated by the track geometric irregularity, ω j � ω f � V max /λ � 60/(3.6 × 1.524) Hz � 10.936 Hz, where V max is the maximum speed of the train crossing the bridge and λ is the minimum wavelength of track geometric irregularities. If formulas (1) and (2) are combined, α � 0.20644 and β � 0.0019315, respectively.
Performance Degradation Model.
e equation of the simple support beam fundamental frequency (ω) is [33] 
where ω is the angular frequency, E is Young's modulus of elasticity, I is the moment of inertia, l is the mass per unit length, l is the beam length, and n is the order of the mode. Without damaging the girder of the bridge, the beam's section length and mass did not change; that is l, I, and m did not change. erefore, the frequency change before and after the bridge measurement is attributed to the change in elastic modulus E. For simply supported beams, the degree of damage can be measured by the change in elastic modulus. e larger the degree of the damage, the larger the decrease in the frequency and elastic modulus.
Track Irregularity Model.
e random irregularity of orbits is generated by the American orbital spectrum (Grade-3). In this study, only high and low irregularity are considered, and the inverse Fourier transform method is used to generate time-domain samples with high and low irregularity. Aimed at orbit irregularity, the American orbit spectrum is briefly described as follows:
S v (Ω) is the power spectral density for track irregularity (cm 2 /(rad/m), Ω is the spatial frequency (rad/m), A v is the roughness constant (cm 2 ·rad/m), Ω c is the truncation frequency (rad/m), and k is a safety factor. Figure 7 (b) shows the generated track irregularity.
Finite Element Model.
e numerical model of the interaction system between a passenger and freight trainballast-track and a bridge based on the measured bridge is established with the finite element software ANSYS, as shown in Figure 8 . e finite element model of the passenger train-ballast-track and bridge consists of 5,218 nodes and 7,871 elements (total length is 320 m), and the finite element model of the freight train-ballast-track and bridge consists of 7,345 nodes and 10,913 elements (total length is 380 m). e passenger train model consists of 1 headstock and 4 passenger carriages, the length of the headstock is 21.28 m, the passenger carriage measured from the first wheelset to the final set is 25.5 m, and the total length is 120.18 m. e freight train model consists of 1 headstock and 11 freight carriages, the length of the freight car measured from the first wheelset to the final set is 12.49 m, and the total length is 164.77 m. A total of 5,549 elements, including beam, pier, and rail, are modelled. Detailed information about each vehicle is listed in Table 1. In the three-dimensional finite element model of the train, all vehicles are regarded as multiple rigid body systems. e track type investigated in this study is the ballast track, which consists of a steel track, fastener, reinforced concrete sleeper, and track bed. In the ballast track, the steel track, sleeper, and track bed will undergo vibration. e infinite length Euler beam is used to discretize the rail, and the linear spring and damping element are used to simulate the vertical and lateral restraints on the rail at the node position that corresponds to the fastener. e sleeper is regarded as a rigid body and its vertical, lateral motion and rotational freedom are considered. e the rail and the sleeper and the sleeper and the rail bed are connected by linear spring and viscous damping. e track bed is discretized into mass blocks according to the actual distance between sleepers, and its vertical vibration is considered. e sleeper is connected to the ballast, the ballast is connected to the roadbed by linear spring and viscous damping, and the 8
Advances in Materials Science and Engineering engagement of the ballast is simulated by the shear stiffness and damping between the mass blocks of the ballast. e ballast track parameters are listed in Table 2 . Several commercial FEM tools enable contact analysis. To analyse the wheel-track contact, wheel-rail force, and offload factor, the node-to-surface contact elements in ANSYS (CONTA175 and TARGE169) are used. e basis of this method is the Hertz contact theory. e solution is obtained using a step-by-step Newmark-β method with the time step Δt � 0.001 s, and the dynamic responses of the vehicle and bridge can be obtained in the time domain [34, 35] .
Model Updating and Validation
Analysis of Vibration Characteristics of Railway Bridge
Beam. According to equation ( Advances in Materials Science and Engineering and model parameter error. e error in the modulus parameter is the main factor of the finite element error in this model. e errors in the model parameters are usually caused by imprecise material, geometric parameters, and joint boundary condition estimation. In this paper, the boundary conditions are assumed to be accurate when the finite element model parameters of bridges are modified. e finite element model of a bridge crane is analysed, which is primarily based on the imprecise modelling of the following parts. First, the connection between the cross-beam and two T beams is considered. Second, ballasted track and other ancillary facilities on the bridge are not considered.
After analysing the eigenvalue sensitivity of the structural parameters, unless sensitive parameters are present, design variables are determined from the groups of parameters to be modified, that is,
State variable,
where K h is the horizontal elastic modulus of the bridge support, K v is the vertical elastic modulus of the bridge support, and f 1 and f 2 are the first-order frequency of the bridge and second-order frequency of the bridge, respectively. e mathematical model for optimizing the iterative process is expressed as follows:
Minimum value,
Constraint condition 0.1 ≤ prxy ≤ 0.5, 4.5 × 10 10 ≤ K y ≤ 5.0 × 10 10 ,
|A, B| ≤ 0.05.
e optimization results are K h is 4.776 × 10 10 (N/m 2 ) and K v is 1.161 × 10 11 (N/m 2 ).
Using the zero-order optimization method of ANSYS, the modal parameters obtained from the actual test are considered to be the expected modal parameters and the optimal modal parameters are calculated. e simulation value of the first horizontal order is 11.918 Hz, the relative error with the measured value is 3.31%, the simulation value 10 Advances in Materials Science and Engineering of the first vertical order is 15.027 Hz, and the relative error with the measured value is − 3.83%, which indicates that the modelling parameters can better simulate the real bridge. us, the calculated and corrected parameters are correct.
Field Measurement and Comparison with Calculation
Results. To ensure the correctness of the following analysis and the driving safety criterion, this section will verify the correctness of the passenger-freight train-rail-bridge modelling in this paper. First, the model parameters of the passenger-freight train-rail-bridge model in this paper are confirmed to be accurate before the simulation calculation. Second, the calculation results of the vehicle-rail-bridge model in this paper are compared with the results obtained from the actual test to ensure that the solution results are compared when the parameters of the established model are identical and to verify the correctness of the research model in this paper. In this paper, the measured dynamic deflection of the midspan bridge of the Xin-Tai Railway NO·40 bridge in actual operation is selected for comparison. Figure 9 shows the comparison between the actual test results and the simulation results of the dynamic deflection measured in the midspan of the bridge when the passenger train on Xin-Tai railway runs at a speed of 60 km/h. As shown in Figure 9 , with the exception of the difference between the simulation results and the measured results of the midspan deflection of the passenger train that passes the bridge, the error of the other carriages is small and within 1%.
Simulation of Passenger and Freight
Trains with Performance Damage of Bridge
Evaluation of Bridge Linear Change in Case of Damage.
In this study, the damage of the whole bridge is considered. Based on continuum mechanics, it can be seen that the local damage of the bridge cannot fully reflect the overall state, and the overall damage of the bridge will eventually affect the operation by means of the deformation of the bridge, so it is feasible to consider the damage of the whole bridge beam in the model. e Lemaitre theory [36, 37] shows that the classical elastic modulus method can fully and completely describe the damage. In this paper, the damage degree of the bridge performance is defined as 0% in the in situ test, and further damage is defined as 10%-50% in increments of 10%, which corresponds to the bridge elastic modulus of the same degree of reduction. Figure 10 (a)-10(c) shows the displacement of the passenger train, freight train without freight, and freight train with freight when passing through the bridge with different degrees of damage. When the passenger train passes the bridge with 0% damage, the maximum displacement is 0.986 mm; when the bridge incurs 50% damage, the maximum displacement is 1.928 mm. When the freight train passes the bridge with 0% damage, the maximum displacement is 1.553 mm; when the bridge incurs 50% damage, the maximum displacement is 3.030 mm. When the freight train passes through the bridge with 0% damage, the maximum displacement is 1.199 mm; when the bridge incurs 50% damage, the maximum displacement is 2.364 mm. When the performance is degraded by 50%, the vertical displacement of the bridge is approximately twice as large as when the performance is degraded by 0%. As shown in Figure 10 , the maximum vertical displacement exponentially increases with the damage to the bridge performance.
Safety of Passenger and Freight Train Running on Bridges with Performance Damage of Bridge.
is section provides an analysis of the offload factor when a passenger train or freight train is rolling on various levels of the performance damage of the bridge at 0-50% in increments of 10%. Figure 11 (a) depicts the maximum offload factors of the passenger train obtained for the different level performance damage of the bridge.
As shown in Figure 11 , when the bridge is not damaged, the maximum wheel load shedding rate appears in the freight train compartment. e maximum wheel load shedding rate of the car and the front is 0.583 and 0.555, respectively. e difference between the two values is 0.028. Less than the standard limit of 0.6, the truck can satisfy the requirements of safe operation when passing the 0% bridge damage degree when loading the freight. However, once the bridge damage exceeds 20%, the wheel load shedding rate will significantly increase and cause bridge injury. When the loss is 30%, the wheel load shedding rate of the freight train is 0.633 and the front is 0.582. e difference between the two values is 0.051. When the bridge is damaged by 40%, the wheel load shedding rate of the in-vehicle train is 0.612 and the front is 0.620, which is a difference of 0.008.
As shown in Figure 11 (a), the wheel load shedding rate of the passenger train head and passenger train compartment increases with an increase in the bridge damage degree, and the wheel load shedding rate is 20%∼40% in the bridge damage. e difference between the two values is substantial. e difference between 0% and 10% and 40% to 50% is relatively minor. e difference in the passenger train in the bridge is 0%∼10%, and the difference is 10%∼50%. When the damage degree of the bridge is less than or equal to 20%, the weight reduction rate of the front and the passenger train wheels is less than the standard limit of 0.6. e wheel load shedding rate of the passenger train compartment at the bridge damage of 20% is 0.5986. e wheel load shedding rate of the working condition is 0.5608. When the bridge damage degree is 30%, the wheel load shedding rate is 0.6044 and the front wheel load shedding rate is 0.5805. When the bridge damage degree is 40%, the front wheel weight is the load shedding rate of 0.6201 exceeds the weight reduction rate of the car wheel by 0.6106. When the bridge damage degree is 50%, the front wheel weight reduction rate of 0.6284, which is larger than the car wheel weight reduction rate of 0.6176, indicating that the axle load is larger in the bridge injury.
As shown in Figure 11(b) , the degree of damage to the bridge increases; the wheel load shedding rate of the truck heads, freight trains, and freightless trains significantly increases; and the growth rate of freight trains with freight is significantly higher than that of the freightless freight train; that is, the higher the degree of change in the axle load, the heavier the load reduction rate. When the damage degree of the bridge is 20%, standard limits for trucks are 0.5984 and 0.5924. When the bridge damage is 30%, the wheel load shedding rate exceeds the safety limit of 0.6. e truck wheel weight reduction rate is 0.6328, and the truck wheel weight reduction rate is 0.6008, which does not satisfy the operational safety requirements. When the damage degree of the bridge is less than 20%, the weight reduction rate of the front and the two compartments is less than 0.6, which indicates that the bridge has a certain safety reserve in the current state; when the bridge damage is 40%, the wheel load shedding rate exceeds the standard limit. e maximum freight car is 0.6638, the front is 0.6201, and the minimum without freight is 0.6108. is finding is consistent with the results for the axle load. When the bridge damage is 50%, the wheel load shedding rate is 0.6714 for trucks, 0.6284 for cars, and 0.6217 for vans. e weight reduction rate of the invehicle train wheel increases with an increase in the bridge damage degree, in which the vehicle body undergoes substantial changes in bridge damage from 20% to 40%, and the wheel body weight reduction rate is always larger than the wheel head wheel weight reduction. e load factor, which is caused by the weight of the truck compartment, is larger than that for the head. e larger the degree of bridge damage, the higher the wheel load reduction rate, the heavier the vehicle wheel weight, and the larger the wheel load reduction rate.
Stability of Passenger and Freight Train with Performance Damage of Bridge.
is section analyses the stability of the vehicle body with different degrees of performance damage. e operational stability of passenger and freight trains is examined by considering the maximum acceleration and Sperling's riding index. Figure 12 , the relationship between the vertical maximum acceleration of the vehicle body and the damage degree of the bridge when the passenger car and the freight train carriage pass through the bridge is analysed. e analysis results indicate that the maximum vertical acceleration of the passenger and freight train crossing bridge does not exceed the limits specified in the specification. e analysis shows that the axle load of the train has a considerable influence on the vertical maximum acceleration of the train. e higher the damage degree of the bridge is, the more distinct the impact of the bridge damage is on the vertical maximum acceleration of the passenger train and the freight train. e damage degree of the four vehicles in the bridge is 50%. e maximum vertical acceleration of the vehicle body that corresponds to 50% is 0.02958 g for the freight car, 0.02013 g for the front, 0.01582 g for the no-car condition, and 0.00777 g for the passenger car. e maximum vertical acceleration of the freight car in the bridge ranges from 0% to 40%, and the average growth rate is 8%. e difference ranges from 40% to 50%, the growth rate is 22.13%, and the passenger train is out of stock when the damage to the bridge is 50%. e maximum vertical acceleration of the vehicle body is 0.00777 g and 0.01582 g, and the growth rate is approximately 13.50%. e maximum vertical acceleration of the front is weak when the bridge is damaged (0%∼10%), and the maximum vertical acceleration of the car body is 5.30%, which is relatively flat. When the bridge damage is significant (30%∼50%), the maximum vertical acceleration growth rate is 17.51%; when the contrast is lighter, distinct improvements are observed. e maximum acceleration of the vehicle is considerably affected by the performance degradation of the bridge. e axle load of the vehicle is also affected, but the impact is not as large as the performance degradation of the bridge. Figure 13 , the damage to the bridge performance is positively correlated with the Sperling index of trucks and buses. e Sperling index distinctly increased with the damage to the bridge performance. e heavier the wheel, the higher the Sperling index. All values are less than the standard limit of 2.5 and are excellent. e level of bridge damage had a considerable influence on the Sperling index.
Maximum Acceleration of Train Body. As shown in
Sperling Index. As shown in
e Sperling index increased with an increase in the level of bridge damage, which indicates that the comfort level decreased. With an increase in bridge damage, the Sperling index increased, and the degree of increase was distinct. e Sperling index was 1.63, 1.68, 1.74, 1.81, 1.90, and 2.03, and the increments were 0.05, 0.06, 0.07, and 0.09, respectively, when the damage degree of freight trains with goods was 0%, 10%, 20%, 30%, 40%, and 50%, respectively. e Sperling index increment was approximately 0.05∼0.09 for each degree of damage.
According to the previous analysis, the effect of bridge performance degradation on the Sperling index is higher than that of the axle weight of the train.
Conclusions
(1) e damage of bridge performance is an important factor that affects the safe and stable operation of passenger and freight trains that cross the bridge. With the improvement in bridge performance damage, various indexes (wheel weight reduction rate, maximum vertical acceleration of vehicle body, and Sperling index) that represent passenger and freight train operation safety and stability will increase. (2) When the DF11 locomotive investigated in this paper is measured on the bridge, the results satisfy the requirement of a safe and smooth bridge crossing with a speed of 60 km/h for passenger and freight trains. (3) e weight of the body also affects the safety and stability of the freight train that crosses the bridge.
With an increase in body weight, the influence of the change in body weight on the safety and stability of a freight train that crosses the bridge will be more distinct.
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